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ABSTRACT

Concurrent with most large El Nifio events, cold sea surface temperature (SST) anomalies are observed
over the western Pacific warm pool region (WPWP). Observational evidence that SST anomalies that form
in the off-equatorial western Pacific during El Nifio-Southern Oscillation (ENSO) cycles are forced by
subsurface ocean processes equatorward of 12°N and air—sea fluxes poleward of 12°N is presented. It is
demonstrated that diurnal mixing in the ocean equatorward of 12°N plays a significant role in bringing
subsurface temperature anomalies to the sea surface during an El Nifio event.

The role of SST anomalies equatorward of 12°N in ENSO cycles is tested in the Zebiak—Cane coupled
model, modified to allow for the impact of subsurface temperatures on SSTs. This coupled model success-
fully simulates cold SST anomalies in the off-equatorial northwestern Pacific that are observed to occur
during the warm phase of ENSO and the atmospheric response to these anomalies, which is composed of
both westerlies in the central Pacific and easterlies in the far western equatorial Pacific. It is found that there
is little net change in the zonal mean wind stress at the equator, suggesting that the westerlies cancel the
impact of the easterlies on the basin-scale tilt of the equatorial zonal mean thermocline depth. The anoma-
lous westerly winds in the central equatorial Pacific are found to increase the amplitude of an El Nifio event
directly by increasing anomalous warm zonal advection and reducing upwelling. Moreover, the off-
equatorial anticyclonic wind stress associated with the cold SST anomalies during the warm phase of ENSO
tends to reduce the discharge of the equatorial heat content. Thus, the coupled processes over the western

Pacific warm pool can serve as a positive feedback to amplify ENSO cycles.

1. Introduction

Classic theories of ENSO neglect ocean—atmosphere
feedbacks in the western Pacific warm pool region
(WPWP). These theories are motivated by the fact that
SST anomalies during ENSO events are dominated by
a pattern that covers the central to eastern equatorial
Pacific. This is due to the so-called positive Bjerknes
feedback, which operates in the central to eastern equa-
torial Pacific. Bjerknes (1969) was the first to recognize
that tropical ocean—atmosphere interactions can am-
plify SST perturbations in the cold tongue region to
sustain either a warm or a cold phase of ENSO.
Anomalous easterly (westerly) trade winds force the
thermocline depth, represented by a layer of sharp ver-
tical temperature gradients that separates the upper
ocean from the abyssal deep ocean, to be anomalously
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shallower (deeper) in the equatorial eastern Pacific
than in the western Pacific. The trade winds also induce
equatorial Ekman upwelling due to Coriolis effects,
which effectively brings the cold water from the sub-
surface to the surface layer to enhance (reduce) the
cold tongue in the eastern Pacific. At the same time, the
atmospheric zonal pressure gradient caused by the
east-west contrast of the cold (warm) SST anomaly
drives an equatorial Walker circulation, which en-
hances (reduces) the surface easterlies over the Pacific
basin and thus strengthens (weakens) the cold tongue,
providing an explanation for the occurrence of the cold
tongue and El Nifio and La Nifia events in the eastern
equatorial Pacific.

The phase transition mechanism of ENSO has been
largely attributed to dynamical ocean adjustment,
which provides the needed delayed negative feedback
to maintain ENSO oscillations. A number of concep-
tual models proposed to explain ENSO oscillations,
such as the delayed oscillator (Suarez and Schopf 1988;
Graham and White 1988; Battisti and Hirst 1989; Cane
et al. 1990) and the recharge—discharge oscillator (Jin
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1997), are all based on this assertion. These theories are
supported by the success of intermediate coupled mod-
els in simulating interannual tropical Pacific variability
without consideration of realistic ocean—atmosphere
feedbacks in the WPWP or intraseasonal surface wind
forcing. However, observational studies of the 1997-98
ENSO have shown that wind-forced upwelling Kelvin
waves in the WPWP occurred at the peak of the El
Nifio event, suggesting that these waves may be playing
a significant role in triggering the phase transition from
an El Nifio to a La Nifia event (McPhaden and Yu 1999;
Delcroix et al. 2000; Boulanger and Menkes 2001; Vi-
alard et al. 2001; Picaut et al. 2002; Boulanger et al.
2003). These wind-forced Kelvin waves have been ob-
served to occur during the 1986-89 and 1992-93 ENSO
events as well (Delcroix et al. 1994; Boulanger and
Menkes 1995).

Weisberg and Wang (1997) argue that easterly wind
anomalies in the far western Pacific during the mature
phase of an El Nifio event are forced by changes in
convective heating due to off-equatorial SST anomalies
in the western Pacific. They assume that off-equatorial
SST anomalies in the WPWP form due to variations in
the depth of the thermocline in a region of mean up-
welling, as is observed to occur in the equatorial eastern
Pacific (Wang 2001). B. Wang et al. (1999) proposed
that the cold off-equatorial SST anomalies that occur in
the WPWP at the peak of an El Nifio event are main-
tained through wind-evaporation feedbacks. Lau and
Nath (2003) used a mixed layer ocean model coupled to
an AGCM outside of the deep tropical equatorial Pa-
cific to demonstrate that air-sea fluxes can create off-
equatorial SST anomalies in the western Pacific similar
to those observed to occur during ENSO events, pro-
viding support for the conslusions of B. Wang et al.
(1999). However, the anomalies in the Lau and Nath
study are much weaker than those observed to form
during large ENSO events. Clearly, the relative impor-
tance of air-sea fluxes and ocean processes in creating
these anomalies is still an open question. Both Weis-
berg and Wang (1997) and B. Wang et al. (1999) sug-
gest that Kelvin waves triggered by these wind anoma-
lies may be large enough to replace wave reflection as
the delayed negative feedback that maintains ENSO
oscillations. This feedback loop is referred to as the
western Pacific oscillator (WPO).

The atmospheric response to off-equatorial WPWP
SST anomalies was investigated by C. Wang et al.
(1999) in an intermediate atmospheric model [it is in-
teresting to note that in this study positions of the
off-equatorial anomalies are at 10°N, where thermo-
cline variations are observed to be large (B. Wang et al.
1999)]. This model study demonstrated that small
SST anomalies in the off-equatorial WPWP are suffi-
cient to produce equatorial easterly wind anomalies
in the far western Pacific. The results of this study in-
dicate that it is of interest to study the role of these
anomalies in ENSO cycles independent of anomalies
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that form elsewhere, such as in the Indian Ocean. The
C. Wang et al. (1999) study also found that the atmo-
spheric response to these SST anomalies included equa-
torial westerly wind anomalies to the east of the SST
anomalies. When these feedbacks were included in an
intermediate coupled model, covarying eastern and
western Pacific anomalies similar to observations were
produced.

In this paper we reexamine how SSTs in the off-
equatorial WPWP are formed and how they influence
the evolution of an El Nifio event. We use observa-
tional analyses to demonstrate that SST anomalies that
form in the off-equatorial western Pacific during ENSO
cycles are forced by subsurface ocean processes equa-
torward of 12°N and surface fluxes poleward of 12°N.
We further show that SST anomalies in these regions
peak at different times relative to equatorial eastern
Pacific SST anomalies, suggesting that they play differ-
ent roles in the ENSO cycle. Using subsurface data
from the Tropical Atmosphere Ocean (TAO) Array,
we illustrate the significance of diurnal mixing in cre-
ating the off-equatorial interannual SST anomalies. To
investigate these feedbacks further we add oceanic mix-
ing processes in the WPWP to the intermediate coupled
model of the tropical Pacific developed by Zebiak and
Cane (1987). These intermediate model studies provide
evidence that the net effect of the off-equatorial SST
anomalies equatorward of 12°N is to amplify El Nifio
events.

2. Surface heat balance in the WPWP

It has been noted by Harrison (1996), Weisberg and
Wang (1997), and B. Wang et al. (1999) that associated
with most large El Nifio events, there are observed to
be cold SST anomalies over the WPWP. For example,
Fig. 1 shows the spatial structure of SST and wind stress
anomalies at the peak of the two largest El Nifios since
1980. These El Nifios are seen to have large SST
anomalies in both the Nifio-3.4 (5°S-5°N, 170°-120°W)
and Nifio-6 (8°-16°N, 140°~160°E) regions. During the
1982 and 1998 El Nifios anticyclonic wind stress anoma-
lies in the northwestern WPWP are seen to occur in the
region of the off-equatorial SST anomalies. These an-
ticyclonic wind stress anomalies have an easterly com-
ponent on the equator in the Nifio-5 region (5°S-5°N,
120°-140°E). The Nifo-5 and Nino-6 indices are de-
fined following the study of C. Wang et al. (1999). Simi-
lar SST and wind stress anomalies have been observed
during other major El Nifio events (B. Wang et al.
1999). Of particular interest to this study is that the SST
anomalies in the WPWP during the peak phase of these
large El Nifo events tend to occur equatorward of
12°N, that is, equatorward of the WPWP anomalies
seen in composites of El Nifio events (Rasmussen and
Carpenter 1982; C. Wang et al. 1999; among others).
For this reason we define two new indices, Nifio-6N
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FI1G. 1. Spatial structure of SST and wind stress anomalies for the two largest El Nifios since 1980: (a)
Dec 1982 and (b) Jan 1998. SST anomalies are shown with a contour interval of 0.5°C. Wind stress

anomalies shown with vectors in units of N m 2.

(12°-16°N, 140°-160°E) and Nino-6S (5°-9°N, 140°-
160°E).

Figure 2 shows the Nifio-3.4, Nifio-6N, and Nifio-6S
indices from 1997 to 1999. These indices were calcu-
lated using monthly mean averages of SST anomalies
from the National Oceanic and Atmospheric Adminis-
tration Pacific hindcast. In this hindcast, observed sur-
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FI1G. 2. Time series of Nifio-3.4 (5°S-5°N, 170°-~120°W), Nifio-
6N (12°-16°N, 140°-160°E), and Nifio-6S (5°-9°N, 140°-160°E)
indices from Jul 1997 to Jul 1999 using SST anomalies from the
NOAA Pacific hindcast, in °C. All indices smoothed with a
3-month running mean filter.

face and subsurface ocean temperatures as well as sat-
ellite altimetry sea level data from TOPEX/Poseidon
are assimilated into a Pacific basin ocean general circu-
lation model (Behringer et al. 1998). The model is
forced with weekly mean National Centers for Envi-
ronmental Prediction (NCEP) operational atmospheric
analyses of surface winds and heat fluxes. During the
onset to peak phases, following the definitions of
ENSO phases from Rasmussen and Carpenter (1982),
of the El Nifio and La Nifia events anomalies in the
Niflo-6S region are larger than anomalies in the Nifio-
6N region. In addition, anomalies in the Nifio-6N re-
gion tend to peak after anomalies in the Nifio-3.4 re-
gion have decayed away. These results suggest that dif-
ferent processes are forcing anomalies in the Nifio-6N
and Nifio-6S regions.

In order to assess whether different processes are
responsible for creating SST anomalies in the Nifio-6N
and Niflo-6S regions, surface heat budgets were calcu-
lated using weekly averaged data from the NOAA Pa-
cific hindcast. The heat budget was calculated following
the fixed thickness method of Feng et al. (1998), where
the bottom of the surface layer was set to 50 m. Instead
of calculating the vertical advection term, we chose to
estimate vertical mixing as the residual of the heat bud-
get, following Cronin and McPhaden (1997). Therefore,
the residual of the surface heat budget is composed of
vertical advection, vertical turbulent fluxes, and estima-
tion errors. To identify the contributions of these SST
tendencies to the SST anomalies, we integrate them
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with respect to time starting around the middle of 1997
when the SST anomalies are nearly zero in these re-
gions.

Figure 3 shows the cumulative contributions of hori-
zontal advection, fluxes, heat storage, and the residual
to the SST anomaly budget in the Nifio-6N region from
June 1997 to June 1998. The storage term when inte-
grated is by definition the SST anomaly itself. It is seen
that in this region, the SST anomaly is of the same sign as
the contribution from surface fluxes, whereas the contri-
bution from the residual tends to oppose the SST
anomaly. In other words, surface fluxes tend to force the
anomalies, while three-dimensional subsurface processes
tend to damp them. In addition, during periods when
the storage term is large, advection is a forcing term
(this was determined from tendency terms not shown).

Figure 4 shows the cumulative contributions of hori-
zontal advection, fluxes, heat storage, and the residual
to the SST anomaly budget in the Nifio-6S region from
June 1997 to June 1998. From June 1997 until Septem-
ber 1997, the contributions from fluxes and the residual
force the surface heat anomalies. From September 1997
until June 1998, the residual is a forcing term and the
fluxes damp the surface heat anomalies. Also, different
from the SST anomaly balance in the Niflo-6N region,
when the storage term is large, the advection term is
small in this region (this was determined from tendency
terms not shown). Therefore, during the peak phase of
the El Niflo event it appears that the subsurface three-
dimensional processes are responsible for the cold SST
anomalies in this region. In the next section we will
demonstrate that these anomalies form, in part, due to
the mixing of cold thermocline water into the surface
layer by diurnal mixing.

Zioplan
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FiG. 3. Cumulative surface layer temperature tendency from 0
to 30 m in the Niflo-6N region calculated with weekly NOAA
Pacific hindcast data from June 1997 to June 1998. The advection
term includes both zonal and meridional advection. The residual
term includes vertical advection, vertical turbulent fluxes, and es-
timation errors. The flux term includes penetrative radiation and
surface fluxes. All terms are shown in °C.
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FIG. 4. As in Fig. 3 but for the Nifio-6S region.

1998
year

1998.5

3. Linkage of SST and Z,, anomalies in
the WPWP

a. Correlations between SST and Z,, anomalies in
the WPWP

In the previous section we have shown that subsur-
face processes contribute to forcing the cold SST
anomalies in the Nifio-6S region at the peak of an El
Nifio event. Given that the thermocline is relatively
deep and climatological upwelling is weak (Helber and
Weisberg 2001) in the western Pacific, what processes
cause the surface to be sensitive to variations in the
thermocline depth? In order to answer this question we
calculated the correlation between September mean
SST and 20°C isotherm depth (Z,,) anomalies from
1950-2000 using the Simple Ocean Data Assimilation
(SODA) ocean temperatures (Fig. 5). SODA is pro-
vided by the University of Maryland (Carton et al.
2000a,b). This data assimilation uses a forecast model
based on Geophysical Fluid Dynamics Laboratory
(GFDL) ocean physics driven by historical meteorol-
ogy (winds, heating, rainfall — evaporation), assimilat-
ing historical observations of temperature salinity, sea
level, SST, and surface current. The deep thermocline
in the western Pacific and shallow thermocline in the
east Pacific can be clearly seen. Of particular interest to
this study is the relatively shallow thermocline in the
northwest WPWP. Surface wind stress curl in the inter-
tropical convergence zone (ITCZ) brings the ther-
mocline closer to the surface between 4°N and 11°N.
The thermocline depth in this region is shallowest in
September when the annual Rossby wave amplitudes
peak in the western Pacific (Wang et al. 2000). Al-
though the off-equatorial thermocline in the northwest
WPWP is deep relative to the eastern tropical Pacific,
there is significant correlation between the SST and Z,,
anomalies between 4° and 10°N, 130° and 150°E. A
small region of significant correlations in the South Pa-
cific along the western boundary is also observed.
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F1G. 5. Sep monthly mean Z,, in m, shown with contours. Correlation between SST and Z,,
anomalies are shown with shading. Only greater than 99% significant correlations are shaded.
This figure was generated using Sep 1950-2000 SODA data assimilations products.

Figure 6 plots the correlation between Z,, and ocean
temperature for depths up to 100 m using monthly
mean SODA data from 1950 to 2000 for the TAO Ar-
ray (Mangum et al. 1998) buoy locations at (a) 5° and
(b) 8°N. The dashed lines in the figure show the 99%
significance levels. Figure 6a shows that Z,, is signifi-
cantly correlated with ocean temperature from 100 m to
the surface at 137° and 147°E. Correlations at 156° and
165°E are also highly correlated, although not signifi-
cant to 99%, considering that all months in the time
series are used in the correlation and not just Septem-
ber. Large correlations from 100 m to the surface are
also seen at 8°N (Fig. 6b). Since the shallow ther-
mocline in the northwest WPWP is absent in the South
Pacific (Fig. 5), the correlations are lower south of the
equator (results not shown).

b. The role of diurnal mixing

Figure 7 shows the monthly mean ocean tempera-
tures in the Nifio-6S region for the 1982/83 (Fig. 7a) and

1997/98 (Fig. 7b) ENSO events. These ocean tempera-
tures were taken from the NOAA Pacific hindcast.
Cold SST anomalies of the order of 1°C are observed
during the peak phase of both El Nifios. The ther-
mocline depth is indicated by masking all temperatures
below 25°C, which we will refer to as Z,s, a more mean-
ingful indicator of the thermocline depth in this region
of the WPWP than Z,,. The thick black line in both
figures indicates the climatological monthly mean Z,s
for the 1980-2002 dataset. Comparing Z,s during each
period with the climatological mean Z,s, it is seen that
the anomalously cold SSTs are associated with Z,5 com-
ing up to within 60 m of the surface. An anomalously
deep thermocline is also observed during the onset of
the La Nifia events.

However, what causes the surface to be sensitive to
these variations in thermocline depth in a region where
upwelling is observed to be weak? To answer this ques-
tion we calculated the 30-day running mean variance of
2-day high-pass-filtered hourly TAO ocean tempera-
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Fi1G. 6. Correlation between Z,, and ocean temperature for depths up to 100 m using monthly mean
SODA data from 1950-2000 for TAO buoy locations at (a) 5°N and (b) 8°N. The dashed lines show the

99% significance levels.
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FiG. 7. Nifio-6S ocean temperatures for depths to 100 m using
monthly mean NOAA Pacific hindcast, in °C. Temperatures less
than 25°C are masked out to highlight the Z,5 contour. The thick
black line indicates the climatological monthly mean Z,s. (a)
1982-83. (b) 1997-98.
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tures at 5°N, 165°E and 50-100 m. Ocean temperatures
at this location were used in the analysis since this was
the closest TAO buoy to the Nifio-6S region with
hourly data available during 1997/98. A minimum
depth of 50 m was chosen based on the minimum depth
of the thermocline in Fig. 7b. Figure 8 plots the stan-
dard deviation of the 30-day running mean variance
at 50, 75, and 100 m. The data are plotted for the 1997/
98 ENSO event. Large variance is seen during the
onset and peak phases of the El Nifio event at 50 m.
The peak in variance occurs at deeper levels as the El
Niflo evolves, deepening from 50 to 100 m at the be-
ginning of 1998. At least 40% of the total variance dur-
ing the onset and peak phases of the El Nifio event is
explained by variability on time scales shorter than 2
days. Moreover, the majority (about 80%) of the vari-
ance in the high frequency variability comes from the
period window from 0.5 to 2 days (results not shown).
This is a clear indication that diurnal mixing can more
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efficiently mix cold water from the thermocline into
the surface layer when the thermocline comes within
60 m of the surface. This is a nonlinear process since
this is not observed during the La Nifia event. Together,
Figs. 4, 7, and 8 suggest that subsurface three-dimen-
sional processes are the dominant forcing of cold
SST anomalies in the Nifio-6S region during the on-
set and peak phases of the two largest El Nifios since
1980.

4. Intermediate coupled model runs

The results of C. Wang et al. (1999) demonstrate that
cold SST anomalies in the Nifio-6 region, observed to
occur during the peak phase of an anomalously large El
Nifio event, can force surface wind anomalies com-
posed of both equatorial easterlies in the WPWP and
westerlies in the central Pacific. The question that will
be addressed in this section is what role do these cold
SST anomalies in the western Pacific region play in
ENSO cycles? This question is explored with the use of
the Zebiak and Cane (1987) intermediate coupled
model of the Pacific basin (hereafter referred to as the
Z.C model) with four added modifications.

First, the mean thermocline depth in the northwest
WPWP is decreased from 165 to 120 m to simulate the
observed relatively shallow thermocline depth in the
northern WPWP. Second, since the subsurface tem-
perature is unrealistically insensitive to thermocline
depth variations in the WPWP in the ZC model, the b,
parameter is decreased from 3.0 to 1.2 in the northern
WPWP. Parameterizing the relatively shallow ther-
mocline in the WPWP with these two modifications was
first proposed by C. Wang et al. (1999).

In addition, we add a third modification by adding a
term to the SST tendency equation to represent diurnal
mixing. We assume that diurnal mixing can be param-

O 06"

1959 1998.5

19097.5

1998

FiG. 8. Standard deviation of 30-day running mean variance of
2-day high-pass hourly TAO ocean temperatures at 5°N, 165°E
and 50 m (blue), 75 m (black), and 100 m (red), in °C.
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eterized as a diffusive mixing of the subsurface water
into the mixed layer between 5° and 9°N. This addi-
tional SST tendency term can be written as

Tt = _(Tl - Tsub)azzlv

where T, is the SST anomaly, T, is the subsurface
temperature anomaly, and «, is the diffusion time scale,
which is varied from 150 to 300 days. Furthermore, we
include a nonessential modification by setting the mini-
mum wind speed in the WPWP to 5 m s~ *. A 1000-yr
integration adding only this modification to the ZC
model is indistinguishable from the control integration
using standard ZC parameters. This change has little
impact in the standard ZC model because in this ver-
sion of the ZC model the heat flux feedback is inde-
pendent of wind speed.

a. Coupled model runs

Three runs with the coupled model will be discussed.
The control run (referred to as CNTL) uses the stan-
dard parameters of the ZC model without any addi-
tional feedbacks. Details of this model setup are pro-
vided in Zebiak and Cane (1987). The second run (re-
ferred to as PERT1) includes all of the additional
processes with a diffusion time scale of 200 day '. The
third run (referred to as PERT?2) is the same as the
second run except that the thermal restoring time scale
in the surface heat flux is increased (tloss = 0.975) to
eliminate interannual oscillations when the control
setup is used.

Figure 9 shows that adding the additional feedbacks
in the WPWP causes the ENSO events in PERT1 to
occur more regularly than in CNTL. This figure also
shows that the maximum amplitude of ENSO events
in these two runs is very similar. However, it is seen
that the PERT1 has many more events close to this
peak value. This is evidence that these feedbacks in

a) CNTL: no diff, tloss=0.98
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b) PERT: diff=200 day ", tloss=0.98
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F1G. 9. 700-yr time series of SST anomalies in the Nifio-3.4
region using the ZC model, in °C: (a) CNTL, (b) PERTI.
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F1G. 10. Spatial structure of SST and wind stress anomalies at
the peak of an El Nifio event for the (a) CNTL and (b) PERTI,

using the ZC model: SST anomalies shown with a contour interval

of 0.5°C; wind stress anomalies shown with vectors in N m 2.

the WPWP act to increase the amplitude of ENSO
events and also tend to prolong the period by about 6
months.

Figure 10 shows anomalous zonal wind stress and
SST at the peak of an El Nifio event from the CNTL
and PERT1 runs. The El Nifios were chosen to have
comparable magnitudes. The El Nifio from CNTL
shows no SST or wind stress variability in the WPWP.
By contrast, The El Nifio from PERT1 shows SST and
wind stress close to those observed (Fig. 1).

Figure 11 shows a 300-yr time series of SST anoma-
lies in the Nifio-3.4 region (T3) for the PERT2. This is
the model setup that does not support interannual vari-
ability when the feedbacks in the WPWP are neglected.
This time series shows that adding the feedbacks in the
WPWP causes the model to oscillate with a 4-yr period.
This is an indication that the ENSO mode of the model
has changed from a subcritical to a supercritical regime.
In other words, there is an increase in the growth rate
of the ENSO mode. This confirms that the additional
feedbacks in the WPWP act as a positive feedback for
ENSO events.

b. Atmosphere-alone model runs

In order to explore these results more fully, a series
of runs were done with the uncoupled atmospheric
component of the ZC model. First, an additional
coupled model run (referred to as PERT3) was done
that applied the additional WPWP feedbacks between
1° and 5°N so that the atmospheric response at the
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FiG. 11. 300-yr time series of PERT2 SST anomalies in the
Nifio-3.4 region, in °C.

equator is enhanced. Then two runs were done using
only the atmospheric part of the ZC model. This atmo-
spheric model was forced with SST anomalies at the
peak of an El Nifio event from PERT1 and PERT3.
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The results of these runs are plotted in Fig. 12. The
top two plots (Figs. 12a,b) are from the PERT1, where
Fig. 12a shows the SST anomalies at the peak of an
El Nifio event and Fig. 12b displays the difference be-
tween the zonal wind stress from runs with and with-
out the SST anomalies in the WPWP region (with
minus without). The SST anomalies without the
WPWP SST anomalies look exactly the same as Fig.
12a except that all negative SST anomalies west of
160°W are set to zero. Figures 12c,d are exactly the
same as Figs. 12a,b except that the additional WPWP
feedbacks are applied between 1°N and 5°N instead of
5° and 9°N.

The atmospheric response to the SST anomalies in
the WPWP is consistent with the atmospheric response
to off-equatorial SST anomalies, as demonstrated by
C. Wang et al. (1999). In other words, the cold SST
anomalies in the WPWP region produce a Gill-type
asymmetric response. For both sets of runs the change
in the zonal mean zonal wind stress between 3°S
and 3°N is essentially zero (less than 0.02 N m™?).
In addition, in this atmospheric response there is a
strong anticyclonic wind stress curl in the western Pa-
cific.
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Fi1G. 12. Results from the stand-alone ZC atmospheric model runs: Model setup described in the text.
(a) SST anomalies at the peak of an El Nifio event from PERTI, in °C. (b) Zonal wind stress difference
between runs forced by PERT1 SST anomalies at the peak of an El Nifio event with and without WPWP
SST anomalies (with — without), in Nm ™2 (c) SST anomalies at the peak of an El Nifio event from
PERTS3, in °C. (d) Zonal wind stress difference between runs forced by PERT3 SST anomalies at the
peak of an El Nifio event with and without WPWP SST anomalies (with — without), in N m™2.
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¢. Ocean-alone model runs

Clearly, the atmosphere-alone runs show that the at-
mospheric response to the cold SST anomalies in the
WPWP have the potential of amplifying an El Nifio
event. To understand how these anomalous winds im-
pact ocean variability, a series of model runs was done
with the ZC ocean component alone. In these model
runs the ocean model is forced with four different wind
patterns, all modulated on a 4-yr time scale. The wind
patterns were taken at the peak of an El Nifio event
from PERT1 and PERT3 with and without cold SST
anomalies in the WPWP. Figure 13a shows the zonal
wind stress response to the PERT1 cold SST anomalies
alone in the WPWP at the peak of an El Nifio event.
Figure 13b shows the ZC ocean model’s response to
this wind forcing. These results clearly show that the
atmospheric response to the cold SST anomalies alone
can trigger an El Nifio. To isolate the ocean’s response
to the anomalous easterlies, we forced the ocean model
with only the easterly wind stress anomalies in the
WPWP. The ocean model’s response to this wind forc-
ing is a slight cooling in the equatorial Pacific between
140° and 90°W of approximately —0.05°C (results not
shown). To isolate the ocean’s response to the anticy-
clonic wind stress in the WPWP, we forced the ocean
model with all wind stress anomalies east of the date
line removed. The ocean model’s response to this wind
forcing is a small El Nifio with maximum SST anoma-

a) TAUX (Nmi?)

JOURNAL OF CLIMATE

VOLUME 18

lies in the eastern equatorial Pacific of approximately
0.2°C (results not shown). Therefore, the anticyclonic
anomalies provide a positive feedback, while the east-
erlies alone provide a negative feedback. These ocean-
alone model runs demonstrate that the El Nifio in Fig.
13b is due to both the anomalous anticyclonic wind
stress in the WPWP and the enhanced westerlies in the
central equatorial Pacific.

Figure 14a shows the equatorial SST anomalies from
the ocean-only model run forced by winds from the
PERT1 model run without SST anomalies in the
WPWP over a 4-yr period. Figure 14b shows the change
in the equatorial SST anomalies when winds due to the
SST anomalies in the WPWP are included. Figure 14b
shows that the atmospheric forcing due to the cold SST
anomalies in the WPWP causes the SST anomalies in
the equatorial eastern Pacific to increase by 10% (when
PERTS3 winds are used the anomalies are greater than
20%). Comparing the SST anomalies in the central to
eastern equatorial Pacific throughout the forced cycle,
it is clear that the additional SST anomalies (Fig. 14b)
generated by the additional winds (Fig. 12b) tend to
enhance and prolong the warm phase of ENSO cycle.
The SST budget indicates that both zonal and vertical
advection contribute to the additional positive SST
anomalies in the central to eastern equatorial Pacific.

Figure 15a shows the equatorial thermocline depth
anomalies from the ocean-only model run forced by

20N| gy
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208

T140F 180

140w

100W

FIG. 13. The ZC ocean model’s response to wind stress forced by the cold SST anomalies in
the WPWP at the peak of an El Nifio event: Model setup described in the text. (a) Zonal wind
stress used to force the ocean model, in N m™2. (b) The SST response to this wind stress

forcing, in °C.
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FiG. 14. Equatorial SST anomalies from the stand-alone ZC ocean model runs, in °C: Model setup
described in the text. (a) From the model run without forcing from WPWP SSTs. (b) Difference between
model runs with and without forcing from WPWP SSTs (with — without).

winds from the PERT1 model run without SST anoma-
lies in the WPWP over a 4-yr period. Figure 15b shows
the change in the equatorial thermocline depth anoma-
lies when winds due to the SST anomalies in the WPWP
are included. The equatorial zonal wind stress anoma-
lies in the WPWP region only create a very local ther-
mocline tilt change near the edge of warm pool. In this
region, it is not the thermocline depth but the zonal
currents that are essential for generating SST anoma-
lies. Thus, this local thermocline variability does not
play any significant role in generating the SST anoma-
lies shown in Figure 14b. This confirms that the forced
oceanic Kelvin wave responses in the equatorial ther-
mocline field to the equatorial western Pacific winds
associated with cold SST anomalies in WPWP region
largely cancel because of the opposing winds in the
central to eastern Pacific. Moreover, one observes a
significant increase in the zonal-mean thermocline
depth (Fig. 15b) during and even slightly after the
ENSO warm phase. According to the recharge oscilla-
tor theory, the zonal mean thermocline is about 90° out
of phase with the SST in the central to eastern equato-
rial Pacific (Jin 1997). This can be inferred from Fig.
15a in which the zonal mean thermocline is positive

(negative) at the warm to cold (cold to warm) phase
transition. The fact that the additional equatorial ther-
mocline anomalies shown in Fig. 15b are largely in the
zonal mean and in phase with the SST anomalies in the
eastern Pacific implies that there is a significant slow-
down of discharge of the equatorial thermocline during
the warm phase of ENSO. Thus, the wind stress
anomaly and its curl associated with the cold SST
anomalies in the WPWP region can enhance ENSO by
recharging the equatorial heat content or deepening the
equatorial zonal mean thermocline. This enhancement
of the warm SSTs also occurs at a later stage in the
warm phase of ENSO, as seen in Fig. 14b. Thus, the
feedbacks indeed act to prolong ENSO as well.

5. Summary and discussion

In this paper we have explored the impact of ocean—
atmosphere feedbacks in the WPWP on ENSO cycles
using observations and an intermediate coupled ocean—
atmosphere model of the tropical Pacific. Our observa-
tional analysis clearly showed that different processes
are responsible for forcing cold SST anomalies during
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El Nifio events in the Nifio-6N and Nifio-6S regions. It
was found that anomalies in the Nifio-6S region form
due to three-dimensional subsurface processes, while
anomalies in the Niflo-6N region form due to surface
fluxes. It was also shown that SST anomalies in the
Nifio-6S region peak before and during an ENSO
event, while anomalies in the Nifio-6N region peak af-
ter a peak in the Nifio-3.4 region. An analysis of upper-
ocean temperature and surface heat flux anomalies
demonstrated that the thermocline comes close to the
surface where diurnal processes can mix the cold ther-
mocline water into the mixed layer generating SST
anomalies of the order of 1°C.

A crude approximation of ocean mixing processes
was then added to the Zebiak and Cane intermediate
coupled model of the tropical Pacific by parameterizing
the diurnal mixing of thermocline water into the mixed
layer when the thermocline becomes shallow as a dif-
fusion with a time scale between 150 and 300 days. It
was found that allowing for a dynamic feedback loop in
the western Pacific caused the interannual variability of
the model to become stronger and more regular.

Model runs with the atmospheric part of the ZC
model alone showed that the atmospheric response to
cold SST anomalies in the WPWP region consists of not
only easterly wind anomalies in the equatorial western

Pacific but also a broad weaker westerly component in
the central Pacific. These equatorial easterly and west-
erly wind anomalies are parts of the typical asymmetric
Gill-type (Gill 1980) response. The equatorial zonal
wind anomalies tend to cancel when zonally integrated.
The weak equatorial westerly wind anomalies directly
enhance the warm SST anomalies in the central to east-
ern Pacific by reduced upwelling and anomalous warm
zonal advection. Further, the uncoupled ZC ocean
model runs confirm that the wind stress anomaly and its
curl associated with the cold SST anomalies in the
WPWP during the warm phase of ENSO effectively
reduce the discharge of the equatorial zonal-mean heat
content, leading to anomalous deepening of the zonal-
mean thermocline depth, enhancing the eastern Pacific
warming and delaying the phase transition of the El
Nifo event (Jin 1997). We would like to stress here that
this current study addresses only the role of wind stress
anomalies forced directly by SST anomalies in the off-
equatorial WPWP. In terms of other studies that have
been done showing the significance of wind-forced up-
welling Kelvin waves at the peak of an El Nifio event,
our study shows that, in the case of wind stress anoma-
lies forced by SST anomalies in the off-equatorial
WPWP, these Kelvin waves are only part of the ocean’s
response to the anomalous wind forcing and that the
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total response needs to be considered to understand the
impact of these winds on ENSO cycles.

Our finding about the potential role of cold SST
anomalies in the WPWP region on ENSO cycles can be
summarized in the schematic Fig. 16. During the ma-
ture phase of an El Nifio event, background diurnal
mixing carries cold subsurface water from the shoaling
equatorial thermocline in the northwestern tropical Pa-
cific to the surface layer, generating cold SST anomalies
that reach a peak magnitude a few months after the
warming in the eastern equatorial Pacific. These cold
SST anomalies suppress convection and generate an
asymmetrical Gill-type response with anticyclonic wind
stress at and to the west of the cold SST anomalies, due
to forced atmospheric Rossby waves, and a remote
equatorial response to its east, due to the atmospheric
Kelvin wave response. The easterly and westerly wind
anomalies at the equator tend to cancel when zonally
integrated, preventing the winds from altering SST
through changes in the thermocline tilt. However, the
westerly winds in the central Pacific tend to enhance
the warming in the eastern Pacific and prolong the El
Nifio event. The deepening of the zonal-mean ther-

Additional SST and wind stress anomalies

/\

Additional recharge of the
equatorial heat content and
thermocline depth anomalies

FIG. 16. Schematic of the impact of WPWP cold SSTs on ENSO
cycles. (a) The atmospheric response to cold SSTs in the off-
equatorial WPWP is composed of both easterlies in the far west-
ern equatorial Pacific and westerlies in the central equatorial Pa-
cific (direction of winds shown in bold arrows). The westerlies
directly increase the amplitude of the El Nifio event. (b) The
winds in (a) increase the recharge of equatorial heat content at,
and just after, the peak of an El Nifio event (direction of recharge/
discharge shown in bold arrows).
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mocline depth, due to anomalous recharge by the anti-
cyclonic wind stress curl, tends to slow down the dis-
charge process and prolong the El Nifio event. In ad-
dition, we demonstrate that, if SST anomalies in the
WPWP form closer to the equator, the equatorial re-
sponse is greater, suggesting that anomalies in the
Nifio-6S region will have a larger impact on ENSO
cycles than anomalies that form in the Nifio-6N region.
Together, these results indicate that the coupled pro-
cesses in the WPWP region can have a significant im-
pact on ENSO cycles, both in terms of instability and
periodicity.

This new picture about the role of cold SST anoma-
lies equatorward of 12°N in the WPWP region takes
into account two important elements of the atmo-
spheric response to the cold SST anomalies in the
WPWP region; the broad equatorial westerly response,
as the result of the forced atmospheric Kelvin wave
response to the east of the asymmetric forcing and the
anticyclonic wind stress curl, which tends to recharge
the equatorial ocean heat content or increase the zonal-
mean thermocline depth (Jin 1997). Our study has dem-
onstrated that, if the total atmospheric response to the
cold SST anomalies that form equatorward of 12°N in
the WPWP region is considered, the net effect is to
enhance and prolong ENSO. However, the possibility
that SST anomalies in the WPWP can enhance ENSO
cycles needs to be further studied. This requires a better
understanding of the oceanic processes in the WPWP
region, as well as the role of SST anomalies that form in
regions such as the Indian Ocean.
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